Geometric and electronic properties of folded graphene nanoribbons (FGNRs) are investigated by first-principles calculations. These properties are mainly dominated by the competition or cooperation among stacking, curvature and edge effects.
Introduction
In 2004, graphene was first successfully synthesized [1] , and since then has attracted considerable attention in the fields of chemistry, materials science and physics [2] [3] [4] [5] [6] [7] [8] . The unique two-dimensional (2D) hexagonal symmetry induces rich electronic properties, such as an extremely high mobility [2] , an anomalous quantum Hall effect [2, 6] , and ambipolar transport phenomena [1] . Graphene is viewed as a future electronic material. However, its zero-gap property makes actual applications in logic electronics difficult. In order to further expand the range of applications, opening an energy gap is critical. Semiconducting 1D nanoribbons (GNRs) have been the focus of many experimental [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and theoretical studies [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . GNRs have been successfully produced from graphene through lithographic techniques [9, 10] and from carbon nanotubes by several chemical and physical unzipping methods [11] [12] [13] . Under different growing environments, GNRs with various structures are presented in laboratories, including few-layer [14] , curved [12] , scrolled [15] , and folded types [16] [17] [18] [19] [20] . The unique stacking configuration and curved structure in folded graphene nanoribbons (FGNRs) are worth detailed studies.
Flat GNRs possess rich geometric and electronic properties, being dominated by their edge structures and ribbon widths. Zigzag and armchair GNRs exist according to the achiral boundary condition. A zigzag GNR is a middle-gap semiconductor with two edge-state electrons, which have a ferromagnetic arrangement for each edge but an antiferromagnetic one across the nanoribbon [23] . The zigzag systems are considered as potential materials for future applications in spintronic devices, mainly owing to their halfmetallic characteristics under a transverse electric field [27] . On the other hand, all armchair GNRs are direct-gap semiconductors, which can be classified into three types of energy gaps, being mainly determined by the number of dimer lines (N y ). The largest (smallest) energy gaps are reported to be at N y = 3p + 1 (N y = 3p + 2); p is a positive integer. All energy gaps are inversely proportional to the ribbon width for all groups [23] .
In previous research studies, the fundamental properties of GNRs with various curvatures or stackings have not been thoroughly explored. Few-layer GNRs [28] present various stacking configurations. The atomic interactions between two layers strongly depend on the van der Waals interactions. The edge-edge interactions [28, 29] are introduced by the open edges in some specific configurations. Hence, the electronic properties are dominated by both the stacking-and the edge-related interactions. The hybridization of four orbitals (2s,2p x ,2p y ,2p z ) in curved ribbons [24, 33] and nanoscrolls causes the complex bondings at the inner side of the curved surface. The larger 2p z orbitals on the outer side of the curved surface provide a compatible environment for adsorbed atoms, such as H and Li [30, 31] . As a result, curved systems are promising materials for future hydrogen storage or lithium batteries. Due to the cooperation or competition among the stacking, curvature, and edge effects, a FGNR with curved and stacking parts ( Fig. 1 ) is expected to display intricate and versatile electronic properties. In experiments [16] [17] [18] [19] [20] , the synthesized FGNRs have displayed distinct physical characteristics. Experimental measurements from scanning tunneling microcopy show that FGNRs can be formed in various stacking configurations [17, 18] . On the other hand, some physical properties of FGNRs have been studied in previous theoretical research [32, 33] . However, knowledge of the existence of more stable FGNR configurations, their formation energies, the radius of the curved part, band structures, density of states (DOS), and band gaps is still incomplete. Most research has focused on the AA stacking, but few investigations have been carried out on the more stable AB stackings and other potential configurations.
In this paper, the geometric and electronic properties of zigzag and armchair FGNRs are investigated in detail by first principles calculations. Many stacking configurations are considered, not only on the AA and AB stacking configurations but also AA and AA ones. Among the complex structures, we systematically classify four types of zigzag and armchair systems, based on the edge structure, formation energy, ribbon width and stacking configurations. The armchair systems are further divided into six groups of widthdependent energy gaps on the basis of the stacking configurations. Each of these eight types of FGNRs presents distinct electronic properties, such as a pair of metallic linear bands, metal-semiconductor transitions, splitting of spin-up and spin-down states, and the 4 monotonous width dependence of the energy gaps, etc. Moreover, the predicted main features in DOS are validated and compared to experimental scanning tunneling spectroscopy (STS) measurements. These rich fundamental features in FGNRs can be expected to provide potential applications in energy materials, as well as electronic and spintronic devices.
Theory and geometric structure
We use the Vienna ab initio simulation package [36, 37] in the density-functional theory (DFT) to investigate the essential properties of FGNRs. The DFT-D2 method [38] is shorter in armchair FGNRs than in zigzag ones implies that the former are subjected to a larger deformation. The deformation, which takes place tangent to the direction of the dimer or zigzag line, is responsible for this result. Similar deformations have also been observed in zigzag and armchair carbon nanotubes [42] . Another important difference related to the curved structure is displayed in the formation energy.
The formation energy (∆E) is defined as the difference between the total energy of a FGNR and that of a flat GNR. This energy is dominated by the interlayer interaction, the edge-induced energy and the bending energy, which are mainly contributed by the flat twolayer interaction, the edge-edge interaction and the mechanical strain, respectively. The third energy is always larger than the sum of the first and second ones, so ∆E is greater than zero. Note that the edge-edge interactions are inversely proportional to the edge-edge distance (d e ). ∆E decreases with the increasing width, because the edge-edge interaction and the bending energy for a saturated D c are nearly unchanged, while the overlap area of two flat sheets grows in a widened ribbon. When the width is sufficiently wide (N y ≥ 38 in Fig. 3(a) )), ∆E's of zigzag systems exhibit the following descending order: even-AA stacking > odd-AA stacking > odd-AB stacking > even-AB stacking. The AB-stacked
FGNRs have a higher stability since they possess larger interlayer interactions. Moreover, the even-AB stacking has a ∆E lower than the odd-AB one. The d e 's of both systems are, respectively, 3.1Å and 3.6Å, which leads to the stronger edge-edge interaction in the even stacking systems. Such influence is also applied to narrow ribbons; therefore, ∆E associated with the even-AA stackings (d e =2.9Å) is lower than that of the odd-AA ones (d e =3.5Å). On the other hand, the edge-edge interactions do not play an important role in the N y -dependence of ∆E, but the relationship is dominated by the stacking configurations; AA -stacked armchair FGNRs are more stable than AA-stacked ones, irrespective of the dimer line number being even or odd (Fig. 3(b) ). The edge-edge interaction is indistinguishable for the four types of armchair FGNRs with almost the same d e (∼ 3.6Å). When the ribbon width is larger, the reason for the armchair FGNRs but not the zigzag ones having a higher ∆E can be explained by the fact that D c is shorter in the 9 former than in the latter.
For zigzag systems, the magnetic properties need to be taken into account. The spin arrangements can be changed by the geometric structure. The even-AA and even-AB configurations have no magnetic moments. However, the odd-AA and odd-AB systems, like monolayer GNR [23] , present magnetic moments at the open edges. The main reason is that the edge-edge interactions can effectively suppress the magnetic moments at a sufficiently short distance (<3.5Å ) [28] . In addition, the edge-edge distances for these four first systems intersect each other at E F = 0, and the Fermi-momentum state is similar to the Dirac point in an armchair carbon nanotube [43] . This is because the sufficiently strong edge-edge interactions induces more charge carriers which appear in the interlayer region near the boundary and thus lead to the loop-like charge density (Fig. 4(e) ). For the even-AB stackings, the linearly intersecting bands become two anti-crossing parabolic bands with a narrow direct energy gap, as shown in Fig. 4(b) . The metal-semiconductor transition is caused by the variation of the stacking configuration, which is responsible for the fact that a distinct geometric symmetry can open the linearly intersecting bands in the same way as in a bilayer graphene nanoribbon [28] and a large closed carbon nanotube [40] .
On the other hand, the odd-AA and odd-AB FGNRs, with magnetism, exhibit two spin- the stacking configuration changes, the N y = 34 even-AA and N y = 37 odd-AA stacking FGNRs also own larger energy gaps. In addition, the AA stacking has larger gaps than those possessed by the AA stacking.
The versatile width dependence of the energy gaps in various FGNRs deserve closer examination. For the zigzag systems, E g decreases with an increasing ribbon width. The energy gaps are strongly dependent on the stacking and curvature effects; therefore, small zigzag FGNRs exhibit the following descending order: odd-AA stacking > odd-AB stacking with spin down > odd-AB stacking with spin up > even-AB stacking. The dependence of E g on N y is weak for the even-AB stackings, while the opposite is true for the odd-AA and odd-AB ones ( Fig. 6(a) ). This is because the earlier explanation on the formation of energy gap in the even-AB stackings considerably differs from what accounts for the odd-AA and odd-AB ones. On the other hand, the energy gaps of armchair FGNRs can be further divided into six groups, based on the two types of stacking configurations. E g 's corresponding to the AA and AA stackings, respectively, possess three N y -relationships, all of which decline with a larger ribbon width as shown in Fig. 6(b) . The even-AA stacking presents the largest (smallest) energy gap, when the ribbon width is N y = 6p + 4 (6p).
Moreover, the odd-AA stacking owns a smaller gap in N y = 6p + 5, but the largest energy gap lies in N y = 6p + 3 or 6p + 1. Similarly, the even-AA and odd-AA stackings are each classified into one of three width-dependent energy gap groups. The even-AA stackings belong to the largest energy gap among the discussed armchair system when the ribbon width corresponds to the 6p + 4 group. The smallest energy gap of the even-AA stackings is observed in the 6p + 2 group. The odd-AA stacking for the 6p + 1 (6p + 3) group owns a larger (smaller) energy gap. These complex width-dependences are different from those presented in flat nanoribbons, mainly owing to the combined stacking and curvature effects in this unique folding structure. The ribbon width corresponding to the smallest energy gap is the 3p + 2 group for the flat nanoribbons; however, this is not exactly the case for the FGNRs. Instead, another group associated with the smallest energy gap here is 3p, for example, the even-AA and odd-AA stackings. The DOS directly reflects the main characteristics of the band structures. The lowenergy DOS of the even-AA stacked zigzag FGNRs, as shown in Fig. 7(a) by the black solid curve, exhibits a plateau near E F , two prominent peaks (solid and hollow squares), and many square-root asymmetric peaks, respectively, coming from the intersecting linear bands, the partially rounded bands, and the parabolic bands (Fig. 4(a) ). The constant plateau indicates the metallic behavior, as seen in a 1D armchair carbon nanotube [43] .
The two prominent peaks on either side of E F are mainly contributed by the local edge atoms. However, in the even-AB stacking, the continuous plateau of the DOS is destroyed and evolves into two separate peaks (red solid and hollow circles in Fig. 7(a) ), which determine a direct narrow gap. The odd-AA and odd-AB stackings possess two DOS's:
one is associated with spin up (red curve) and the other is related to spin down (blue curve).
The contributions are not distinguishable to DOS from the spin-up and spin-down states for the odd-AA stackings ( Fig. 7(b) ), but are distinct for the odd-AB ones (Fig. 7(c) ). side of E F , a characteristic not reflected in the armchair systems. The DOS associated with the electron spin is the key to differentiate whether the width of the zigzag systems is even or odd. Only the even-AA stacking has free-carrier states at E F . The splitting of the spin degeneracy induces more peaks for the odd-AB stackings. For the armchair FGNRs, the odd-AA, even-AA , even-AA, and odd-AA stackings cannot be easily identified due to the similar DOS. However, the energy gaps in DOS are a critical property in confirming the width-dependent six groups. In previous experimental measurements, the curvature effect in carbon nanotubes [44] and rippled graphenes [45] and the stacking effect in few-layer graphenes [46] have been verified. As expected, these two combined effects in FGNRs can be further examined by the STS measurements.
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